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The morphologies that block polymers exhibit under various types of conﬁnement are
reviewed with emphasis on experimental results and theoretical predictions. Conﬁning
geometries in all three dimensions are considered and special attention is paid to cylindri-
cal and spherical boundary conditions. Past experimental techniques and theoretical
understanding are discussed and an outlook for future advances due to the possibility
for novel, well ordered and aligned morphologies to occur when polymers are conﬁned
between surfaces of varying distance, curvature, and surface chemistry is provided. Con-
ﬁnement creates new morphologies which are not present in the bulk, indicating that
the conﬁned thermodynamic boundary conditions result in phase behavior that is distinct
from the bulk and that there is the possibility for new phases and order-order transitions to
be discovered as future researchers impose new types of conﬁnement and explore a greater
range of block polymer architecture, composition and molecular weights. The article con-
cludes with a brief introduction of interference lithography, which can be used to form
arbitrary and novel boundary conditions, and a perspective on the future outlook of the
phase behavior of conﬁned block polymers.
 2010 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction to block polymers
Block polymers, molecules which contain two or more
homopolymer chains chemically linked at junction points,
have been the subject of much research interest due to
their unique structures and physical properties. These
materials have reproducible and thermodynamically con-
trolled morphologies due to the combination of the ten-
dency of the constituent homopolymer blocks to phase
separate and the structural constraint of connectivity be-
tween them. Polymer demixing occurs because the entro-
py gain per lattice site upon mixing scales with the
natural logarithm of the volume fraction of each compo-
nent and inversely with chain length while the enthalpy
penalty scales with the volume fraction of each compo-
nent. This effect is enhanced as the length of the polymer
chains increases and the monomers making up the differ-t-Sloan), elt@mit.edu
BY-NC-ND license.ent polymers become less chemically compatible. The
interface between the domains of each block contains the
covalent junction points and is known as the intermaterial
dividing surface (IMDS). Unlike in polymer blends, the spa-
tial extent of demixing is limited by the connectivity and
entropic elasticity of the component blocks; as the length
of the phase separated domains perpendicular to the IMDS
increases, the polymers become increasingly stretched
from their equilibrium conﬁgurations of the phase-mixed
state and the free energy of the system increases. While
there is a large entropy reduction in the system when all
of the junctions are localized at the IMDS, there is a large
enthalpic gain when the unfavorable enthalpic content
between the constituent monomers is avoided in the pure
component domains. The shape of the IMDS is determined
by the competition between two effects: chain stretching
which causes a preference for domains with constant
thickness and the interfacial energy of the IMDS which
causes a preference for domain shapes which minimize
surface energy. In bulk equilibrium structures, a compro-
mise between these factors is achieved by the formation










Yof surfaces which tend to have approximately constant
mean curvature [1].
For the simplest noncrystalline A/B diblock polymers
there are four known microdomain morphologies: they
are, in order of increasing volume fraction of the minority
block, body centered cubic packed spheres, hexagonally
packed cylinders, double gyroid network, and lamellae
[2]. For ABC terblock polymers, the simplest of which con-
sist of three distinct and linearly attached homopolymers,
there are many more known microdomain structures [3].
Such microdomain morphologies generally occur whatever
the chemical identities of the component blocks, and so are
used by experimentalists to reproducibly fabricate struc-
tures. For these reasons, and the ability to tune properties
of interest by selecting blocks with useful combinations of
mechanical properties, refractive indices, etch resistance,
and other physical properties, block polymers have been
used by experimentalists in many applications: block poly-
mers are used to make, for example, thermoplastic elasto-
mers and adhesives, to create precisely deﬁned structures
to be used as templates for the deposition of another mate-
rial of interest, as etch masks and as photonic and phonon-
ic crystals.
Currently, technical advance is limited by the types and
qualities of morphologies that are thermodynamically and
kinetically accessible as well as by the range of available
chemistries that can be used in synthesis. The presence
of non-equilibrium defects such as grain boundaries and
dislocations are also problematic. Research has been
pursued to address these issues by using a variety of
techniques to change the thermodynamic boundaryFig. 1. Schematic depicting the organization of a 50/50 lamellar-forming diblock p
in the bulk can occur which have structures dependent upon the commensurat
energies of the interactions between the blocks of the conﬁning surfaces. The
interacts with a strongly preferential surface and the second is that which occ
multiples of the bulk repeat period. By combining these two types of biases, maconditions that are present when the block polymer micro-
structure is formed. Elimination of randomly located de-
fects and control of the orientation and spatial
registration of the domains has been pursued using ‘‘direc-
ted self assembly’’ [4]. Approaches have included affecting
the energetics of candidate morphologies by chemical
means, designing casting conditions in which the block
polymer undergoes a disorder to order transition while
geometrically conﬁned to dimensions at which the ener-
gies of the conﬁning surfaces have a signiﬁcant effect on
the overall free energy of the material, and the combina-
tion of these two strategies. For all of these cases, block
polymers have mainly been conﬁned between surfaces of
constant curvature (ﬂat, cylindrical or spherical surfaces),
and so are subject to the same geometrical constraint at
all locations within the material. In general, the symme-
tries of the conﬁning geometry and of the block polymer’s
equilibrium morphology interact to produce the ﬁnal mor-
phology; the symmetries of the conﬁning surfaces should
be satisﬁed if possible in the equilibrium morphologies,
so the domain spacing and IMDS shapes are usually per-
turbed from their bulk values and forms. Novel morpholo-
gies found under conﬁnement include the perturbation of
cylinders to helices or network structures, the formation
of structures which are concentrically nested inside of each
other, and many others including the necessary introduc-
tion of equilibrium defects. In most cases, this is due to
the surface energetics, maintenance of the repeat period,
or maintenance of the minority domain’s relevant length
while conserving the volume fraction of material through-
out the conﬁned morphology. The understanding ofolymer in various conﬁnements. Different morphologies than those found
ion between the bulk period(s) and the conﬁning surface period and the
ﬁrst morphology in each triplet is that which occurs when the diblock
urs when the conﬁning diameter has a large mismatch with all integer

































Ymorphologies that form as a function of imposed boundary
symmetries and boundary surface preferences is thus a
powerful tool for the prediction of new structures; it also
allows the exclusion of morphologies which strongly vio-
late the required symmetries, and surface boundary condi-
tions, and provides insight into how the bulk morphologies
may be manipulated.
To begin, we review prior work investigating block
polymer morphologies within conﬁned thin ﬁlms (1D con-
ﬁnement) with and without chemical biasing effects and
the reader is pointed to recent reviews. Following this, a
comprehensive discussion of block polymer morphologies
in cylindrical (2D) and spherical (3D) conﬁnement is pre-
sented. Fig. 1 overviews some of the ways that ﬂat parallel
lamellae with constant period (the equilibrium bulk struc-
ture) alter their morphology when conﬁned in 1, 2 and 3D.
We then brieﬂy point out the myriad of possibilities which
can be accessed by using interference lithography (IL) as a
technique for creating regular, repeating 3D conﬁning
structures in photoresists to fabricate unique large area,
3D conﬁnement conditions with varying dimensions, cur-
vatures, and surface chemistries.2. One-dimensional conﬁnement
The structures [5] and applications [4,6] of block poly-
mers conﬁned to thin ﬁlms have been extensively re-
viewed; therefore this section will provide a few
highlights of block polymer phase behavior and how it
can be modiﬁed as the boundary conditions are changed
for the situation of ﬂat surfaces separated by a ﬁxed dis-
tance with either solid or free-air substrates and super-
strates. In general, when block polymers are conﬁned to
thin ﬁlms, the energetics of the surface interaction with
each block and the geometrical commensuration between
the bulk structural dimensions and the ﬁlm thickness are
the primary factors that affect the polymer morphology.
Surfaces which are highly attractive to one block promote
the formation of a wetting layer of that block and forma-
tion of structures with a direction of periodicity perpendic-
ular to the surfaces; high degrees of conﬁnement that are
far from an integer multiple of the structural repeat period
encourage the formation of structures with a periodicity
direction parallel to the conﬁning surfaces. In cases where
there is both a large geometric mismatch and a large differ-
ence in the interactions between the surfaces and the com-
ponent blocks, the thickness of the ﬁlm will be quantized
and may vary with position, forming mesas such that in
each location the thickness of the ﬁlm is approximately
commensurate with the repeat period of the microphase
separated structure. For applications, the energetics of
the surface and thickness of the ﬁlm can be controlled to
generate relevant morphologies. Additionally, the long-
range microdomain order can be tuned using various pro-
cessing techniques.
Methods for improving the long range order of thin ﬁlm
structures include those which change the structural
boundary conditions so that the free energy of defects is
raised. One way to accomplish this is to use graphoepitaxy
[7–12], where block polymers are assembled in conﬁningchannels with dimensions that are precise integer multi-
ples of the periodicity of the bulk structures; in this case,
the geometry of the boundary conditions promotes align-
ment. Another way to form structures of interest is to pre-
cisely control the thickness of the thin ﬁlm; an order-order
phase transition occurs from the bulk structure of BCC to
spheres to HCP packed spheres in very thin ﬁlms [13,14].
This is due to the competition between a preference for
structures with hexagonal symmetry in thin ﬁlm struc-
tures (which has the least amount of asymmetry in chain
stretching throughout the Wigner–Seitz cell) and prefer-
ence for the BCC packing (which lacks a close packed
plane) in the bulk. Controlling the chemistry of the sub-
strate surface can also be used to tune and register the
structures formed [15–18]; substrates which have chemi-
cally patterned periodicities that are close (within about
15%) to commensurate with the bulk periodicity of the
materials result in morphologies where the overlying
microdomain structure is precisely aligned/registered with
the substrate pattern. Some strategies that can be used to
generate technically useful structures which have con-
trolled and long-range alignment include designing bound-
ary conditions during morphology formation that avoid
degeneracies in the energies of candidate structures, tun-
ing the energetics of the substrate to promote a wetting
layer of a desired phase, and creating templates that are
commensurate with the bulk repeat period of the block
polymer. Thus, even in 1D conﬁnement a large amount of
technically useful and controllable structures can be
formed by tailoring the boundary conditions correctly.3. Two-dimensional conﬁnement: overview
There have been many studies on 2D conﬁned systems,
both experimental and theoretical. These systems primar-
ily consist of a conﬁning template with surfaces which are
separated by distances on the order of the relevant period-
icity in two dimensions and have comparatively inﬁnite
extent in the third dimension. 2D conﬁning surfaces that
have been extensively studied include hollow tubes and
thin ﬁlms that contain 2D patterning elements, but there
are essentially an inﬁnite number of possibilities that could
be investigated. These boundary conditions force an addi-
tional degree of conﬁnement above 1D conﬁning surfaces,
and thus provide further symmetry constraints that the
equilibrium morphology must try to satisfy in an addi-
tional dimension. For bulk block polymer structures that
are periodic in two or more dimensions, if the period of
the conﬁning (set of) surface(s) is not commensurate with
the equilibrium bulk periods, the probability of forming
new morphologies and/or structurally necessary defects
thus greatly increases. The goals of research in this area
have typically been to present new morphologies and to
establish guidelines about where the transitions between
different morphologies occur as a function of the nature
of the conﬁnement and the wall afﬁnity for a particular
block. Each of the systems studied and/or simulated have
different v parameters and chain lengths (N); v describes
the Gibbs free energy of mixing for monomers which is
not due to conﬁgurational entropy normalized by kT





















Y(which is proportional to the internal energy of a material
at room temperature), and its product with N is the rele-
vant parameter in determining whether or not phase seg-
regation occurs. At higher vN’s, phase segregation is
increasingly likely. Moreover, different chain architectures,
processing conditions and simulation strategies are used in
each theoretical study; this makes exact prediction of the
morphology that will be formed in any given conﬁnement
condition not possible at this time. This is further compli-
cated by the factors which affect experimental and
theoretical studies: experiments may result in non-
equilibrium morphologies and often involve the use of
possibly preferential solvents while simulations are often
done on block polymers containing few beads (usually
10) which may not be representative of real experimental
materials. Additionally, it may be possible to observe one
of several energetically degenerate structures for a given
condition. Nevertheless we can present some general
guidelines for conﬁnement within cylindrical boundaries:
First, neutral walls promote the development of morphologies
with a repeat period that is aligned with the conﬁning tube
axis; these structures minimize chain stretching and form
because the interaction of each block of the polymer with
the wall has the same enthalpy and there is no imposed
commensuration condition on the period. Because of this
chain stretching effect, morphologies that form in tubes
tend to have repeat periods close to that of bulk structures;
this drives the formation of novel morphologies if the only
way to form the bulk morphologies under the conﬁnement
geometry is to radically alter the domain spacing. So, for
example, this leads to the development of helices and tori,
etc. under conﬁnement for materials which form cylinders
or gyroids in the bulk. Secondly, as the wall increases its
afﬁnity for one of the blocks, a wetting layer of that block will
form and the formation of concentric structures will be
promoted.
In order to understand the key factors at play, it is
important for researchers to investigate the phase behavior
of block polymers systematically. An excellent example is
the work in [19], which details the structures of diblocks
conﬁned to cylindrical pores at varying volume fractions
of the minority block and varying conﬁnement diameter.
Additionally, [20] is noteworthy because it combines sim-
ulations of the morphologies of cylindrically conﬁned
gyroid-forming diblocks with experimental TEM imagesFig. 2. Transmission electron microscopy images of experimentally observed mo
and shows the concentric cylinder morphology assumed by bulk lamellar-formin
from [33] and shows the helical cylinder morphology that appears at certain conﬁ
shows an example of a novel morphology consisting of spheres in the center of th
when bulk gyroid-forming PS-PDMS is cylindrically conﬁned.detailing structures formed when these polymers are coax-
ially electrospun and annealed within a surrounding cylin-
drical shell; this provides a good comparison between the
simulations where all of the parameters are controlled ex-
actly but have varying correspondences to experimental
situations and experiments where many of the relevant
energetic interactions are unknown and hard to control.
Well-executed simulations include the numerous works
from A.-C. Shi and collaborators systematically detailing
morphologies formed by a variety of di- and tri-block poly-
mers in pores of varying diameter and afﬁnities for each of
the blocks [21–24].
The morphologies that have the most relevance to po-
tential applications are those that have single helices; they
allow for the creation of chiral materials that may have no-
vel mechanical, optical or electronic properties. Addition-
ally, the formation of concentric lamellae may have
applications in drug delivery or as waveguides and other
photonic materials.4. Two-dimensional conﬁnement: experimental
When block polymers are conﬁned within 2D geome-
tries they exhibit morphologies which can be signiﬁcantly
perturbed from the ones they exhibit in bulk materials. For
example, the gyroid phase is strongly frustrated and so
other bicontinuous structures or lamellae or cylinders of
the minority component may form instead. Additionally,
many of the morphologies that form are analogous to those
formed by liquid crystals under conﬁnement; see [25] and
[26] for a thorough description of the morphologies that
have been extensively studied and exploited for technolog-
ical applications (e.g. liquid crystal displays). This analogy
is due to the similarity of the geometry and physics gov-
erning both sets of morphological behavior: liquid crystals
are shape persistent molecules with a deﬁned length with
a strong preference for mutual parallel alignment. Thus,
one would expect to see many similar defects and mor-
phologies, as well as design rules for both types of systems.
Other aspects of block polymer physics also provide useful
insight; the equilibrium morphologies of grain boundaries
must also be those which minimize the free energy of
block polymers at surfaces subject to geometric and
energetic constraints and the morphologies of blends arerphologies in block polymers conﬁned in cylindrical pores. (a) Is from [40]
g PS-PDMS conﬁned in a cylinder preferential for one of the blocks. (b) Is
nement diameters for bulk cylinder-forming PS-P2VP. (c) Is from [20] and
e conﬁning tube surrounded by concentric cylindrical shells that is present





















Yinﬂuenced by the energetics of the interface between
homopolymer domains and block polymer domains and
the alteration of chain stretching that occurs if block
polymer domains are swollen by homopolymer [27].
Much of the experimental work that has been done has
utilized anodized alumina membranes [19,28–35] and
small diameter electrospun ﬁbers [20,36–41].
Block polymers which form lamellae in the bulk have
displayed, in order of increasing cylinder diameter relative
to the bulk lamellar repeat period, a wetting layer of the
surface-preferential block surrounding the other block
[19,29,32], lamellae which are stacked normal to the cylin-
drical axis [19,29,34,36,39], a torus-like morphology [32],
and concentric curved layers which fold around inside
the cylinders so that the layers are parallel to the conﬁning
surface containing a central cylinder of whichever block re-
sults in the least amount of stretching of the layers [19,28–
30,32,34,36,37,39,40]; see Fig. 2a. The structures formed
by conﬁned lamellae also depend on the self-assembly
conditions and the thermal history; as-cast polymers often
exhibit disordered microphase segregation and then pass
through several intermediate structures upon annealing
before reaching the ﬁnal morphology [36]. The lamellar re-
peat period L is also perturbed relative to the bulk value L0
when the block polymer is cylindrically conﬁned; the value
ranges from 0.8 6 L/L0 6 1.6 when the polymer forms con-
centric lamellae which are parallel to the conﬁning walls
[32].
Cylinder-forming block polymers have also been shown
to display novel structures when they self-assemble inside
cylindrical pores and onto thin ﬁlms containing geometri-
cally frustrating elements. The diversity of morphologies
that have been observed is larger than that for lamellae be-
cause the boundary conditions depend on whether the
majority or minority block wets the cylindrical surface
and the propensity for the IMDS to be highly curved in
the compositional range of the cylindrical morphology.
For the condition of the majority block contacting the pore
surface, the morphologies that cylindrical diblocks assume,
as a function of increasing cylinder diameter relative to the
cylindrical repeat period, include circular layers and tori
[32], single helices [32] (and see Fig. 2b), double helices
[32], single helices surrounding a cylinder [32], and
straight cylinders whose axes are aligned with the conﬁn-
ing pore axis [32]. When the minority block forms a wet-
ting layer on the conﬁning surface, morphologies that the
block polymer assumes, as a function of increasing con-
ﬁnement diameter relative to the cylindrical repeat period,
include a wetting layer surrounding lamellae of the major-
ity domain which have a normal parallel to the cylindrical
axis [19], one central cylinder of the minority domain [19],
a mixed morphology of cylinders with their axes parallel to
the conﬁning cylinder and disordered microphase separa-
tion [19], a thick layer of the minority block surrounding
the majority domain [19], and straight cylinders whose
axes are aligned with the conﬁning pore [19,28]. For block
polymers which form helices, the pitch of the helices de-
creases with increasing cylinder diameter [32].
The 3D bicontinuous double gyroid structure has the
most complex microdomain geometry for simple A/B di-
blocks, with two interpenetrating tri-functional networksin a matrix. There are two separate IMDS with variable sep-
aration distances and variable curvature that are periodic
in all three dimensions, so alteration of the bulk gyroid
morphology by conﬁnement must be severe. Since the
gyroid composition window is narrow (it spans two vol-
ume fraction ranges which have widths less than 5%),
one also anticipates both cylindrical and lamellar struc-
tures may be induced by the conﬁnement. To date, only
one experimental and theoretical study [20] has explicitly
considered the morphologies of bulk gyroid-forming di-
blocks under cylindrical conﬁnement. Importantly, a coax-
ial electrospinning process was used with a high Tg outer
conﬁning homopolymer cylindrical shell that enables sta-
ble annealing of the thin BCP nanoﬁber without breakup.
Many different morphologies are found in experiments
and simulations for the situation of a majority block wet-
ting the homopolymer cylindrical surface. These include
combinations of minority domain cylindrical shells,
straight cylinders, and cylindrical shells with circular
holes, depending upon the volume fraction [20]; see
Fig. 2c. Interesting equilibrium radial dislocation loops
are formed when the inner BCP cylinder changes diameter.
Some of these structures also occur in conﬁned cylinder-
forming block polymers [41].
Sphere-forming diblock polymers have been shown to
form spheres inside of the conﬁning cylinder [32,41]. The
number of spheres that are present across the diameter
of the pore is dependent upon the relative size of the pore
to the spheres that are formed.
2D conﬁned block polymers have been used by experi-
mentalists for applications that take advantage of both the
properties of block polymers and the novel structures
formed in this condition. These materials have served as
templates for the formation of silicate structures; a precur-
sor sol–gel solution has been selectively loaded into one of
the domains before the self-assembly and then calcined to
preserve the structure [35]. Self-assembled morphologies
have also been used to form materials with well-deﬁned
pores by swelling the minority block during self-assembly
and then evaporating off the solvent below the glass tran-
sition of the majority block [31], creating pores that can
then be inﬁltrated [33]. Similarly, the conﬁning alumina
membrane used during self-assembly can also be etched
away to release the inﬁll structures; this allows for the cre-
ation of free-standing sol–gel material. Another application
takes advantage of the differing solubility parameters of
the component blocks to localize a material of interest into
a speciﬁed geometry; for example, nanoparticles have
been selectively loaded into one block before conﬁned
self-assembly [39]. This application increases the ability
of the experimentalist to create materials that contain
nanoparticles in the locations which maximize the desired
properties.
2D conﬁnement in structures that are not pores has also
been explored; geometric and surface interactions have
been used to produce new structures in thin ﬁlms which
have structures perpendicular to the ﬁlm which guide
assembly. In these 2D templates, electron beam patterning
is used to create structures which interact preferentially
with one of the blocks in the polymer. Such hybrid poly-
mer/template materials have excellent long range order
Fig. 3. Scanning electron microscopy images of a 2D conﬁned block copolymer which can be used as a mask to create structures of technological relevance.
By tuning the boundary conditions, in (a) order is increased [42] with surrogate domains (brighter objects on hexagonal super lattice) and in (b) structures
containing symmetries not seen in the bulk phase behavior are obtained [43] by placing and shaping the wetting features (brighter objects) for the minority
domain.





















Y(see Fig. 3a); the polymer microdomains are guided by
using a surrogate domain superlattice. Again, this works
best when the template symmetry is comparable with that
of the bulk diblock while controllable structurally neces-
sary defects are formed in other cases. Long range order
of classical phases can be induced [42] and importantly,
new useful morphologies can be obtained, for example,
by guiding the self-assembly of cylinders to form in plane
bends [43]. Another approach that has been explored
which takes advantage of the long range order multiplying
properties of templating has been to create a plasmonic
phase mask by spin coating a diblock polymer onto a 2D
geometrically patterned surface, loading it with nanoparti-
cles, and placing it in contact with a positive tone photore-
sist and exposing it [44]. In this case, the patterned surface
creates a thickness contrast for the phase mask, and the
localization of the nanoparticles inside one of the diblock
phases produces an ordered plasmonic ﬁlm; the combina-
tion of these two ordering effects produces a resultant pho-
tolithographic surface relief structure with two levels of
order.5. Two-dimensional conﬁnement: theoretical
investigations of polymers with two monomers
Because of the enormous diversity of potential struc-
tures and their associated applications, much theoretical
work has been done to model the morphologies that block
polymers take when conﬁned inside a simple cylindrical
pore. The conﬁnement parameters are then just the ratio
of the period to the cylinder diameter and the nature of
the surface energetics with respect to the blocks. Work
investigating lamellar-forming block polymers conﬁned
to cylinders has included Monte Carlo (MC) simulations
[17–22], dynamic density functional theory (DDFT) studies
[51,52], dissipative particle dynamics (DPD) investigations
[53,54], self-consistent ﬁeld theory (SCFT) calculations[27,28]. Microdomain structures that have been found in-
clude a core–shell structure [21,48], concentric lamellae
[21,45–49], lamellae with their normal parallel to the cyl-
inder axis [21,46–49], lamellae with their normals perpen-
dicular to the cylinder axis [21,47,48], single helices
[21,46–48], double helices [46,47], triple helices [46], cate-
noid-cylinders [48], and a gyroidal structure [21,48]. Refer-
ence [21] provides a phase diagram for these morphologies
as a function of preference of the wall for one of the blocks
and the ratio of the diameter of the conﬁning cylinder to
the bulk lamellar repeat period. In general, as the wall be-
comes more preferential for one of the blocks, lamellae
with their normals parallel to the cylinder axis evolve into
helices and other intermediate structures before ﬁnally
displaying concentric lamellae; see Fig. 4a. This pattern
of morphology progression as the afﬁnity of the surface
for one of the blocks increases occurs for many diameters
of the conﬁning cylinder, with variations in the intermedi-
ate structure(s) and the number of concentric lamellae in
the ﬁnal structure being the primary differences.
DDFT simulations have found many of the same struc-
tures; reference [52] provides a nice overview of the ki-
netic pathways that conﬁned lamellar diblocks take
before achieving their equilibrium structures. In most
cases, the morphology at the beginning of the simulation
consists of a bicontinuous network of one of the blocks
which is fairly uniform; as the simulation progresses the ﬁ-
nal structure forms. These structures pass through several
microphases before reaching their ﬁnal morphologies, and
typically have intermediate structures which preserve as-
pects of both the initial and ﬁnal structures and mediate
the mass transfer.
DPD simulations subject polymers to a force ﬁeld con-
taining conservative, dissipative, and random forces. Be-
cause of this, they are able to somewhat mimic the
laboratory conditions that block polymers are subject to
during self organization, including ﬂow of polymers into
the pores during inﬁltration, and thus have a unique
Fig. 4. Predicted morphologies of diblock polymers conﬁned in pores determined by MC simulations. (a) Is from [21] and shows the morphologies of
symmetric diblock copolymers that occur at a given conﬁning tube diameter as the surface afﬁnity for one of the walls increases from neutral (left) to
strongly red preference (rightmost). The progression from stacked lamellae through helices and parallel lamellae to concentric lamellae is shown.
Additionally, an examination of the parallel lamellar morphology shows the commensuration issues inherent in cylindrical conﬁnement. (b) Is from [58]
and depicts a nested helical morphology that is observed in bulk cylinder-forming diblocks conﬁned to cylindrical tubes when the conﬁning wall attracts
the majority block. Note that this is a chiral structure, which is not found in the bulk phase behavior of diblocks that do not contain chiral blocks.





















Ypredictive power for determining the morphologies acces-
sible to experimentalists. For pores with no ﬂow ﬁeld and a
moderate degree of segregation between the component
blocks, DPD simulations have predicted lamellae with nor-
mals parallel to the cylinder axis with varying degrees of
order for neutral-walled conﬁning pores and concentric
lamellae and helices for pores which preferentially attract
one of the blocks [53]. For lower degrees of segregation,
bicontinuous network structures with a functionality of
three or four at the nodes are formed instead [54]. For neu-
tral-walled pores, as the ﬂow force increases the lamellar
normal switchs from perpendicular to the ﬂow direction
to parallel to it [54]. For preferential-walled cylinders, con-
centric lamellae are observed at all magnitudes of the
external force due to the ﬂow [54].
SCF calculations have aided the combination of experi-
mental and computational investigations of conﬁned block
polymer morphology by providing thermodynamic insight
into the boundaries of the regions of stability of the struc-
tures that are formed. For concentric lamellae, this de-
pends on the bending rigidity of the lamellae formed and
on the size of the conﬁning cylinder. The lamellae become
more rigid as vN increases; the chains become more
stretched due to the increased repulsion between the
blocks which makes the lamellar layers less deformable.
Softer concentric lamellae form concentric cylinders which
have thicknesses which oscillate around a mean value [56],
whereas rigid (i.e. the bend elastic constant is very large)
lamellae should display novel structures, including con-
centric lamellae with corners, a connected structure with
2D 4-fold symmetry, and structures containing blocks of
the minority domain which form parts of concentric cylin-
ders [56]. These are all examples of geometrically neces-
sary defects, which occur because they minimize the free
energy of the system instead of randomly located non-
equilibium defects that are kinetically trapped and serve
to raise the free energy. The spread of values for the lamel-
lar repeat period is larger, and varies based upon the loca-
tion of the layer in the cylinder [56]. Other work explores
the effects of the preferential surface attraction strength,
volume fraction (composition), and conﬁning pore diame-
ter on the morphology [57]. For a symmetric diblock,
increasing the surface attraction preferentiality promotesthe formation of concentric lamellae instead of perpendic-
ular lamellae; increasing the degree of conﬁnement (ratio
between the relevant dimension of the conﬁning surface
and the bulk repeat period of the morphology) decreases
the number of lamellae present inside of the cylinder,
moreover the morphology passes through a ﬁnal perfo-
rated concentric lamellar structure before resulting in per-
pendicular lamellae. For a slightly asymmetric diblock,
there is a region of asymmetry in the attraction of the sur-
face for one of the blocks that promotes perpendicular
lamellae, while attractions above and below this value re-
sult in concentric lamellae. The boundaries between the
conﬁnement dimensions at which certain numbers of
lamellae appear have very similar values, however the per-
forated lamellar structure is only accessed at higher sur-
face attractions. At a given surface strength, moving the
volume fraction closer to 50:50 promotes the formation
of perpendicular lamellae.
The diversity of simulation methods used to explore
cylinder-forming diblock polymers within cylindrical
pores is similar to that for lamellae forming diblocks due
to the increasing experimental interest in these materials
and the potential for novel structures to be discovered.
These include MC simulations [18,22,30–33], DPD
[53,54], and SCFT [60,61]. In general, as the volume frac-
tion of the minority block decreases, the IMDS develops a
higher mean curvature in order to minimize its area. MC
simulations of cylindrical block polymers conﬁned to
cylindrical pores have been performed for polymers of
varying volume fraction and molecular weight, conﬁned
to pores with varying wall preference, pore cross sectional
shape, and diameter. The highest minority block volume
fraction studied is 0.30. This diblock displays morphologies
including stacked lamellae, single helices of both compo-
nents, a helix of the minority component, a central major-
ity block cylinder surrounded by a helix of the minority
block, and multiple combinations and defective forms of
these structures [46]. As the R/L0 increases, the morphol-
ogy transitions from a helical structure containing a central
cylinder to one without. As the wall preference for the
majority block increases, the morphology transitions from
the stacked lamellar structures to helices and cylinders.
The next largest volume fraction of the minority block that





















Yhas been considered by MC simulations is 0.25. In this case,
simulations have been performed to determine structures
that form when the conﬁning walls are neutral or preferen-
tial for either the majority or minority block. For neutral
walls, structures that are found in the minority domain,
in order of increasing R/L0, include isolated spheres and
short cylinders along the axis, one straight cylinder aligned
with the axis, a double helix, a single helix, tori stacked
along the axis, cylinders aligned with the axis, a double he-
lix surrounding a central cylinder, a single helix surround-
ing a central cylinder, multiple helices, multiple helices
surrounding a central cylinder, and various combinations
of these structures [58]. For walls that are preferential to
the majority block, many similar morphologies are found;
in order of increasing R/L0, these are: one central cylinder,
one helix, a bicontinuous network structure, tori stacked
along the axis, a second bicontinuous network structure,
this bicontinuous structure surrounding a central cylinder,
stacked circular layers normal to the cylinder axis sur-
rounding a central cylinder, a helix surrounding a central
cylinder, the bicontinuous 3-fold coordinated structure
surrounding a double helix, concentric helices, and concen-
tric tori normal to the cylinder axis [21]. For walls that are
preferential to the minority block, the following structures,
in order of increasing R/L0, are found, all of which contain a
wetting layer on the conﬁning cylinder: a wetting layer of
the minority block surrounding the majority block, isolated
spheres along the axis, one central cylinder, stacked tori
perpendicular to the axis, a single helix, a double helix, sin-
gle and double helices and circles surrounding a central
cylinder [21]. For ABA triblocks, the fraction of polymer
chains which bridge domains is reduced from the bulk va-
lue (50%) at high degrees of conﬁnement, but approaches
the bulk value as the cylinder diameter increases [59]. For
diblocks and triblocks conﬁned to cylinders with a minor-
ity volume fraction of 0.17, a very similar progression of
structures as a function of conﬁnement diameter and wall
afﬁnity is seen [22,59]. Finally, MC simulations have been
used to investigate the effect of conﬁnement cross-section
on the resulting morphologies [23]. In this case, it is found
that the structures that form within ellipses, hexagons and
octagons are very similar to the structures that formwithin
pores with circular cross sections. In square and triangular
cross sections, the helical morphologies appear to be
mostly suppressed and there is a preference for the forma-
tion of straight cylinders aligned along the pore axis. In
general, as the number of sides of the polygon which
makes up the pore cross section increases from three to-
wards an inﬁnite number (the limiting case of a circular
cross section), morphologies which consist solely of axi-
ally-aligned cylinders at all conﬁnements are replaced
with helices in some cases.
In addition to being used to investigate the structures of
lamellar-formingdiblockpolymers conﬁned inside cylindri-
cal pores, DPDhas also been used to study themorphologies
of cylinder-forming diblock polymers with and without the
presence of a biasing ﬂow ﬁeld. A diblock with 30% volume
fraction of theminority block forms helices at all of the wall
preferences investigated (in all cases thewall ismostly neu-
tral, but can be slightly preferential for either block) and
forms varying numbers of helices with varying pitchdependingon the conﬁnementdiameter [53]. Adiblockwith
33% volume fraction of theminority block hasmorphologies
which vary based upon the selectivity of the wall; at lower
preferences it forms helices which turn into concentric
lamellae as the interactionsbetweeneachblockand thewall
become more asymmetric [54]. Because the domains are
mostly aligned with the axis of the cylinder, the addition
of a ﬂow ﬁeld does not signiﬁcantly change the morpholo-
gies [54].
SCF studies have also found many of the morphologies
that were observed in other simulations. In SCFT, the
many-body interactions that a block copolymer in the melt
is subjected to are simpliﬁed to form an effective ﬁeld. The
partition function for a polymer in the ﬁeld is found, and
minimized to ﬁnd the conﬁguration which minimizes the
free energy of the system. Using SCFT to determine poly-
mer structures provides a nice complement to other simu-
lation methods; it ﬁnds a structure for a system by using
free energies while many other simulations ﬁnd a struc-
ture by beginning with an initial conﬁguration and deter-
mining how it evolves in time based different rules.
Reference [23] uses SCFT to provide information on the
dependence of the helical pitch on several variables; for
all conﬁning diameters the double helix phase has a higher
pitch than the single helix phase and for all helices the
pitch decreases as the conﬁnement diameter increases.
Finally, gyroid-forming diblock polymers have been
investigated under cylindrical conﬁnement using MC sim-
ulations [20]. The structures found for these materials are
very similar to those found for cylinders-forming and
lamellar-forming, with the progression from stacked struc-
tures to helical structures to combinations of helices and
cylinders surrounding a central domain as the conﬁnement
decreases. Also similarly, cylinders with walls selective for
the majority block promote the formation of concentric
layered structures. For gyroid-forming diblocks, there is a
preference for bicontinuous structures and helices over
concentric lamellae and cylinders compared to other
diblocks, as would be expected from their volume fractions
and bulk phase behavior. This can be seen by considering
the IMDS for gyroid diblock polymers in the bulk; it is
bicontinuous and has a smaller mean curvature than that
for cylinders at a ﬁxed volume fraction.
The phase behavior of block polymers has also been
studied as a function of volume fraction and vN at ﬁxed
conﬁnement boundary conditions. SCFT [62,63] has been
used to investigate AB diblocks and MC simulations have
been performed on ABA triblocks [64]. For diblocks, the
boundaries between cylindrical and lamellar phases are
similar to those in bulk systems (essentially vertical lines
in vN vs volume fraction), but there are transitions be-
tween different morphologies as the vN values increase
and a slight asymmetry in volume fraction boundaries
due to the condition of a preferential wall [62]. These tran-
sitions take the form of changing the number and size and
shape of the diameters of cylinders whose axes are aligned
with that of the conﬁning pore as well as transitions inside
the centers of concentric lamellar structures from cylinders
to cylindrical shells [62]. Detailed investigations into the
cylindrical microdomain section of the phase diagram
with a neutral wall [63] yields similar results, with





















Ymorphologies changing from a homogeneous mixed mor-
phology to concentric lamellae and cylinders as the degree
of segregation increases and from axially-aligned cylinders
to concentric lamellae as the volume fraction increases
towards 50/50. The detailed structures are slightly differ-
ent, but similarly contain axially-aligned cylinders, con-
centric lamellae, and combinations of these structures.
For ABA tri-block polymers, increasing the volume fraction
of the end blocks while the polymer is conﬁned between
neutral surfaces causes the formation of connected
domains starting from isolated spheres which become
bicontinuous structures and eventually lamellae with their
normals perpendicular to the cylinder axis. At still higher
end block content, the end blocks become the matrix
which surrounds axially oriented cylinders and isolated
minority domains [64]. When the conﬁning surface
becomes preferential for one of the blocks, a wetting layer
is formed on the inside of the conﬁning cylinder and
concentric structures are promoted.
In addition to the case of polymers where repulsion be-
tween the component blocks drives phase behavior, poly-
mers made up of hydrophilic and hydrophobic blocks
have structures driven by intra-block attractions which
vary depending upon the identity of the constituent mono-
mer [65]. This system has been investigated theoretically
due to its potential for applications as a microﬂuidic valve.
In this case the model assumes the hydrophobic segments
attract each other, but the hydrophilic segments have zero
interaction with either the other hydrophilic segments or
the hydrophobic segments. Hydrophilic–hydrophobic
block polymers containing constant chain lengths but
varying block lengths were simulated inside of cylindrical
pores using MC methods. For multiblock polymers with
several different blocks of each component, shortening
the block lengths results in structures with smaller do-
mains and less long range order, while polymers with a
random linear arrangement of the monomers exhibited
morphologies similar to those containing the shortest
blocks with little long range order. A wetting layer forms
at the surface of the cylinder when it has a preferential
interaction with the hydrophobic block; in this case it is
both highly hydrophobic and surrounding a polymer with
an increased amount of hydrophobic segments. Addition-
ally, the morphologies may vary as the volume fraction
of polymer in the conﬁning pore is changed and as the
self-interactions between the hydrophilic blocks increase
[50]. As the hydrophilic block becomes more self-attrac-
tive, structures change from core–shell spheres and cylin-
ders (with the hydrophobic segments in the center) to
stacked lamellae or Janus-like cylinders. These structures
have free surfaces inside of the tube due to the preferential
interaction of the polymer with itself as opposed to the
wall and a volume fraction of polymer in the tube that is
less than one. As the volume fraction of diblocks inside of
the tube decreases, isolated spheres with various arrange-
ments of the blocks are formed instead of morphologies
that contain polymer throughout the length of the tube.
Another topic that has been investigated theoretically
due to experimental interest is the cylindrical conﬁnement
of diblock polymers containing spherical nanoparticles
[66]. SCFT has been used to understand the locations ofthe nanoparticles in a system in which nanoparticles have
no preferential interaction with either of the blocks but the
wall is preferential for the majority block. Morphologies
are found to vary based upon the volume fraction of the
minority domain and the amount of nanoparticle loading,
as well as the degree of conﬁnement. The nanoparticle size
relative to the repeat period of the block polymer was held
constant at 20% of the root mean square end to end dis-
tance of the copolymer chain. Overall, the nanoparticles
tend to sit at the IMDS between the blocks. In most cases,
the structure consists of concentric rings of both diblocks
and axially-aligned cylinders of the minority block with
the nanoparticles located on the IMDS in concentric circu-
lar rings. Increasing the nanoparticle loading increases the
connections between the adjacent rings.
Finally, 2D conﬁnementmay also occur for conﬁning sur-
faceswhich restrict theblockpolymer to theoutsideof cylin-
ders; SCFT has been used to study the morphologies block
polymers inside of annuli [67] and diblocks which serve as
the matrix for an array of embedded nanorods [55]. Both
AB diblocks and ABA triblocks with equal volume fractions
of both blocks conﬁned between cylindrical shells can dis-
play morphologies consisting of concentric lamellae and
lamellae that are perpendicular to the conﬁning surfaces
[67]. Equilibrium defects are required in the latter structure
as the shell increases in thickness are required due to the
increasing circumference of the cylindrical cross-section as
the pore increases in size, thus the preferred number of
lamellae for the block polymer changes as a function of
radial position. The morphology that occurs depends on
the commensuration of the lamellae with the dimensions
of the shell and the surfacepreference. There is a large diver-
sity ofmorphologies that are assumed by diblocks that form
the matrix for a square array of nanorods [55]. The polymer
investigated is a bulk lamellar structure with a volume frac-
tion of 0.4 and the rods are ﬁxed on a square lattice. Under
the condition of a neutral nanorod surface, as the volume
of the nanorod increases, the morphology shifts from
slightly perturbed lamellae perpendicular to the nanorod
with a small coaxial lamellar layer around it through con-
centric lamellae around the nanorod and various combina-
tions of bicontinuous structures and cylinders aligned with
the rods to shorter rods of the majority domain arranged
on the diagonals between the conﬁning rods. When the
nanorod surface becomes preferential for one of the blocks,
different bicontinuous and lamellar structures are formed.
When the preference is for themajority block, in some cases
lamellae that are either perpendicular to the nanorod or
contain the nanorod axis are preferred over the cylindrical
or bicontinuous structures that form at the same volume
fractions for the neutral walls. When the nanorod surface
is preferential for the minority domain, coaxial and cylin-
drical structures are more likely to form.6. Two-dimensional conﬁnement: ter and quater
multiblock polymers
Well deﬁnedmultiblockpolymers of various chain archi-
tectures have not been extensively studied in the bulk,
let alone under conﬁnement. New, complex morphologies





















Yshould be plentiful from such multiblocks due to the
many ways to tune the chain architecture, block volume
fractions, block chemical identities, and surface preference
conditions. The structures of linear ABC [24,68,69] and
ABCD [70] block polymers conﬁned to cylindrical pores
have been theoretically investigated. Not surprisingly, lin-
ear ABC polymers with equal amounts of each block can
display many different morphologies which depend upon
the interactions between the respective segments and the
wall, and the conﬁning pore diameter [69]. In this case,
the interaction between the wall and the other blocks
and the inter-block interaction parameters are ﬁxed (and
have generally been set equal). The morphologies that
form when the wall is preferential for the A block include
stacked lamellae, concentric lamellae with the lamellar
normal perpendicular to the cylinder axis, nested helices
of two of the domains, nested, space ﬁlling helices of all
three domains, a core–shell gyroid-like structure, and
nested, space ﬁlling double helices of all three domains.
Higher degrees of conﬁnement promote lamellar struc-
tures stacked along the axis, and higher preferences of
the A block for the conﬁning wall promote concentric
lamellar structures. Helical structures occur when both of
these values are intermediate. The morphologies that form
when the wall is preferential for the B block are much
more limited; they include stacked lamellae, stacked
lamellae of the A and C blocks with the lamellar normal
perpendicular to the cylinder axis in a matrix of the B block
and single helices of the A and C blocks in a matrix of the B
block. The stacked lamellae form at lower attractions be-
tween the B block and the wall; as this interaction in-
creases, stacked A and C lamellae inside a matrix of B
form at higher conﬁnements and A and C helices inside a
matrix of B form at lower conﬁnements.
ABC polymers with compositions where one of the
blocks has an enhanced volume fraction have also been
theoretically studied [68,69]. In the case of an extended
middle block relative to the two end blocks with repulsive
interactions between the blocks set at –0.3 kT, with neutral
interactions set at 0, and attractive interactions varied be-
tween 0 and 1.1 kT, many of the structures present for
equal volume fraction terblocks were observed, with the
addition of the following morphologies: stacked lamellae
of A and C blocks in a matrix of B, single helices of A and
C in a matrix of B, tricontinuous structures of varying
shapes of all three blocks, bicontinuous structures of B
and C in a matrix of A, and helices of A and C in a matrix
of B [69]. At higher degrees of conﬁnement, stacked lamel-
lar structures are formed where the identity of the wetting
layer depends upon the strength of attraction between the
blocks and the wall. At higher surface attraction to either
the A (or C) end blocks, concentric lamellae or stacked
lamellae surrounded by an A(C) wetting layer are formed.
At higher surface attraction to the B block, structures are
formed that have a wetting layer of B. In the case of an ex-
tended end-block where the minority C block is at a much
higher volume fraction than the A and B blocks, there is a
large diversity of the structures that are formed: new
structures that are present in this case include a mixed
morphology containing helices of all three components
combined with lamellae parallel to the cylinder axis,stacked tori of the A and B domains in a matrix of C, and
nested double helices of A and C surrounded by layers of
B [69]. As in the prior case, increasing attraction of the wall
for one of the domains promotes the formation of a wet-
ting layer and increasing conﬁnement promotes the forma-
tion of stacked structures. In another study of a terpolymer
containing a larger endblock which self-assembles to form
coaxial cylinders in the bulk, many of these same struc-
tures have been found under wall conditions which are
neutral, attractive to each individual block, and attractive
to combinations of two blocks [68]. The interaction be-
tween the blocks is set at kT, neutral interactions are set
at 0, and attractive interactions between the blocks and
the wall are set at kT. In this case, neutral walls promote
the formation of helices and coaxial cylinders with their
axes aligned with the pore axis, while walls attractive to
individual blocks promote structures with a wetting layer
of the attracted block surrounding concentric cylinders,
stacked spheres, helices, or bicontinuous structures of the
minority blocks in a matrix of the majority block. When
the conﬁning pore is attractive to both minority compo-
nent domains, the two domains may mix to form a wetting
layer that encloses coaxial structures of the minority do-
main inside of the majority domain; these include spheres
along the cylinder axis, a cylinder in the center of the cyl-
inder, single and double helices, and tori. When the conﬁn-
ing pore is attractive to both end blocks, the polymer forms
morphologies similar to diblocks in neutral pores with a
layer of the middle block between the two end block do-
mains; these include cylinders aligned with the pore axis
and single and double helices.
ABC star polymers are polymers in which all three
blocks are attached to the central junction point. Because
of the chain architecture, junctions between the blocks
are located along parallel (curved or straight) periodically
spaced lines rather than distributed over the IMDS; this re-
sults in geometries for which all three types of domains are
in contact along lines in order to avoid forced mixing of
blocks. SCFT was used to study a star conﬁned to cylindri-
cal pores [24]. The terpolymer examined has two blocks
with a volume fraction of 0.2 (B and C) and one block with
a volume fraction of 0.6 (A); its bulk morphology consists
of a complex lamellar structure in which one layer is the
majority block and the other layer is alternating squares
of the two minority domains. Thus in the bulk, the star
junctions locate on a square grid of lines at the interface
between the layers. The morphologies under cylindrical
conﬁnement include, for A attractive walls, a cylindrical
shell aligned with the conﬁning cylinder axis containing
alternating domains of B and C sandwiched between a cyl-
inder of A at the center and a wetting layer of A on the out-
side (e.g. see Fig. 5d–f). In these cases, the junctions
between the blocks lie along lines where all three types
of domains contact at the inner and outer surfaces of the
cylindrical shells. Other possible structures exhibit central
B and C domains which extend along the cylinder axis ar-
ranged in a variety of geometries in an outer matrix of A
(Fig. 5b and c). Again, mixing is avoided and the junctions
lie on the intersections of the three types of domains. For
the largest degree of conﬁnement and if the surface prefer-
ence for the A block is strong and vAC is large, concentric
Fig. 5. Predicted morphologies for ABC star block terpolymers observed in cylindrical pores determined by 2D SCFT taken from [24]. In this case, the pore
wall is attractive to the majority A block and repulsive to the two minority blocks. Note the newmorphologies due to frustration of commensuration at high
conﬁnement diameters, and the development of concentric structures as this value increases.





















Yshells with a mid B layer can form which forces mixing of
the AB or BC blocks since there are no places where the
three domains intersect (Fig. 5a). These simulations were
performed in 2D SCFT, so there is the possibility for 3D
stacked central structures whose free energies have not
been compared to those described above. In general, as
the diameter of the conﬁning cylinder increases morphol-
ogies which contain central domains are eliminated in
favor of those that have alternating cylinders of A com-
bined with a B/C ring – basically the rolled up version of
the bulk morphology. Clearly many other structural possi-
bilities exist where the frustration is relived via partial
mixing between blocks with relatively low v (e.g. Fig. 5a)
as well as avoidance of geometries which feature large area
IMDS between pairs of blocks with highly unfavorable
(very high v) interactions.
ABCD block copolymers have a huge number of possible
morphologies which have so far been mostly unexplored.
There is much potential here for studies on bulk as well
as conﬁned morphologies that would further elucidate
phase behavior depending upon the v parameters between
the component blocks, overall chain architecture, and com-
ponent block volume fractions. Studies in conﬁnement
have been restricted to examining linear ABCD blocks with
equal volume fractions of each block, which have bulk
lamellar structures very similar to those found in symmet-
ric linear di- and ter-blocks. Simulations of the cylindri-
cally conﬁned ABCD polymer show morphologies that are
similar to those found in cylindrically conﬁned diblocks
and terblocks [70]. These morphologies include stacked
lamellae, single helices, coaxial cylinders, structures con-
taining a wetting layer, and gyroid-like structures. Like
many of the cases discussed above, higher degrees of con-
ﬁnement promote stacked structures and larger pore
diameters and increasing wall selectivity promote coaxial
morphologies.
Finally, structures containing blends of diblocks with
having different components have been studied by per-
forming MC calculations on 50:50 blends of AB and AC
symmetric diblocks and on AB and CB 68:32 diblocks in
cylinders preferential to the A block [71]. In the bulk, these
blends form lamellae; for the AB/AC blends these are ABA-
CA lamellae and for the AB/CB blends these are ABCBA
lamellae. The conﬁned structures are also quite similar to
those found for terblocks and diblocks, consisting of con-
centric lamellae, stacked lamellae, and bicontinuous struc-tures. The morphologies of the different blends with the A
preferential conﬁning surface share many characteristics;
their main difference follows from the shared block in that
the symmetric AB/AC blend tends to form ABACA struc-
tures while the asymmetric AB/CB blend tends to form
ABCBA structures.7. Three-dimensional conﬁnement: overview
Only about one-third as many studies have been done
on 3D conﬁned block polymers as have been done on 2D
conﬁned block polymers. This makes generalizations and
design rules about controlling the morphologies as a func-
tion of geometric and energetic considerations even more
challenging to provide. Many of the studies that have been
performed have focused on one speciﬁc block polymer
conﬁned with multiple different boundary conditions,
which further limits global perspectives. However, it is
possible to deduce some general trends in the morpholo-
gies formed as a function of wall afﬁnities for each block,
block volume fraction, and degree of conﬁnement. 3D con-
ﬁnement requires the presence of a conﬁning surface along
each axis; this means that there is typically frustration of
the bulk morphology in all directions, causing either the
development of concentric structures or the presence of re-
quired defects. Analogous to all other cases of conﬁnement
studied, the bulk morphologies are most perturbed at the
highest degrees of conﬁnement. Additionally, the prefer-
ence of a surface for one of the blocks induces the forma-
tion of a wetting layer and a tendency to make
concentric structures; since a neutral surface induces no
preferential alignment of domains, morphologies very sim-
ilar to those present in the bulk are observed when the
conﬁning diameter is commensurate with the bulk repeat
period; when it is not, novel morphologies are observed.
In spherical conﬁnement, the concentric wrapping of
asymmetric block polymers can lead to perforated shells
of the minority component pierced in a regular arrange-
ment by structures of the majority component connecting
inner and outer majority domains; block polymers con-
ﬁned to other boundary shapes will also have their mor-
phologies affected by the spacing between the surfaces
and surface afﬁnities of the respective blocks.
The morphologies formed by block polymers enclosing
nanoparticles are probably of the most interest from an
C.R. Stewart-Sloan, E.L. Thomas / European Polymer Journal 47 (2011) 630–646 641applications perspective; nanoparticle compatibilization is
becoming increasingly important and the ability to tailor
the surfaces of the nanoparticle that will interact with
the material that it is incorporated into in order to promote
precise localization within the structure is a subject of
much current research interest. For a nice review on the
interaction between nanoparticles and block polymers in
the bulk, the reader is referred to [72].
There has been much less work done on 3D conﬁne-
ment than 1 or 2D conﬁnement. Several studies do stand
out as noteworthy; these include the experimental investi-
gation of nanospheres of lamellar block copolymers of
varying molecular weights and degrees of conﬁnement
[73], the combination of experimentation and theory to
understand the morphologies of spherical shells of di-
blocks [74], and an extensive theoretical work investigat-
ing the structures formed by lamellar-forming [75] and
cylinder-forming [76] diblocks conﬁned to spheres for dif-





Y8. Three-dimensional conﬁnement: experimental
Experimental studies of 3D conﬁnement have taken the
form of conﬁning block polymers inside spherical particles,
between colloidal spheres, and using block polymers to
coat isolated solid spheres. Block polymer spheres haveFig. 6. Depictions of block polymers in spherical conﬁnement. (a) Is from [78] an
lamellar-forming diblock created using an aerosol technique. This diblock forms
[75] and is the result of a MC simulation used to understand the arrangement o
walls for one of the blocks. Note the presence of novel morphologies that are not f
bulk cylinder-forming diblocks conﬁned to spheres. The conﬁnement diameter is
block through neutral to preferential for the B block. In this situation, the energe
effect on the resultant morphology.been prepared several ways: by forming micelles of the
block polymer and evaporating off the solvent [77,78],
using a mixture of a more volatile good solvent and a less
volatile non-solvent to form precipitated particles [73,79],
creating aerosols of block copolymers and then collecting
them for imaging [27,78,80], and using colloidal self-
assembly to form templates for the inﬁltration of block
polymers [81,82]. The ﬁnal method has also been used to
create inverse spherical structures [81,82]. Spherical shells
have been fabricated by thin ﬁlm dewetting around nano-
particles [74].
Much of the work done on spherically conﬁned block
polymers has been on neat lamellar-forming systems.
The morphologies exhibited, in order of increasing ratio
between the conﬁning sphere diameter and the bulk
lamellar repeat period, include Janus nanoparticles which
contain one hemisphere of each component block [73], a
cylinder-like domain which intersects a central disc layer
of the same component (the ‘‘wheel’’ structure) or a cylin-
der-like domain attached perpendicularly to a spherical
cap of the same component (the ‘‘mushroom’’ structure)
[73], spheres which contain two small spheres of one do-
main separated by a curved structure of the other domain
[73], three isolated domains of one polymer on the surface
separated by a central 3-armed structure of the other do-
main [73], and lamellae whose normal is an axis of the con-
ﬁning sphere [73,77,79,81,82]. The last structure isd is a TEM image which shows the structure of a spherically conﬁned bulk
lamellae which wrap around to make nested spherical shells. (b) Is from
f symmetric diblocks conﬁned to spheres with a slight preference of the
ound in the bulk. (c) Is from [76] and depicts several complex structures of
the same, but the preference of the wall varies from preferential for the A





































Yanalogous to that formed by smectic A liquid crystals in
droplets. A disordered morphology with phase separation
but no long range structure is also present if the structure
is prepared quickly and annealing is not allowed to take
place [79]. Further insight into these morphologies has
been provided by the use of 3D electron tomography
[78,80]; in this technique, images are taken at many differ-
ent tilt angles and then back-projected to form the ﬁnal
image. The results from this study indicate that the con-
centric lamellar structure is the correct interpretation for
block polymers that form what appears to be a bulls-eye
in the TEM projection (see Fig. 6a). The equilibrium mor-
phologies for the neat block polymer can be further altered
by the addition of homopolymer to form a blend inside the
conﬁning sphere. In this case, one of the domains becomes
swollen and the morphologies present include gyroid-like,
cylinder-like, and mixed morphologies [77]. Also if the
molecular weight of the added homopolymer is sufﬁciently
large, it macrophase separates and forces the spherical
droplet to contain a lens of the homopolymer and the com-
plementary shape of the diblock – inducing nonconvex
boundary conditions [80].
Cylinder-forming block polymers also display many dif-
ferent structures when conﬁned to spheres. Moreover, the
diversity of possible structures is increased because of the
possibility for neutral wetting and wetting of each compo-
nent block. In [82], these structures are investigated exten-
sively. For the case of an air conﬁning superstrate (the
most neutral surface studied), the morphology consists of
an outer scaffold of the cylindrical block composed of cyl-
inders forming the edges of hexagons and pentagons sur-
rounding the majority block. When the majority block
forms the outer conﬁning surface, concentric lamellae are
present. Finally, a conﬁning surface of the minority block
produces morphologies which contain spheres of the
minority domain inside a matrix of the majority domain.
Block polymer structures which surround solid spheres
have also been investigated. Block copolymers inﬁltrated
into a 3D colloidal crystal for which the lamellae prefer
to orient perpendicular to the sphere surface require a de-
fect in the central region of the interstice which is equidis-
tant from the four surrounding spheres.[81,82]. Spherical
shells containing 32 nm repeat period cylinder-forming
block polymers which surround individual nanoparticles
with a diameter of 520 nm (therefore inner R/Lo  16) dis-
play cylinders which radiate outwards from the inner
nanoparticle and are perpendicular to the outer surface
in the case of a neutral nanoparticle surface with
d/Lo = 1.25 or two layers of cylinders which wrap around
the surface in the case of a nanoparticle surface which is
preferential for the majority block with d/Lo = 2.0 [74].
The former morphology necessitates many defects due to
the increasing volume and surface area of the shell as the
radius increases; Y-shaped defects, dislocations, and trun-
cated cylinders have been observed at outer R/Lo = 2. For
the thinnest shells with R/Lo = 1.25, one layer of cylinders
winds around the outer surface with their axes in that
plane [74]. Thus, the morphologies present depend upon
both the surface energies of the boundaries and the thick-
ness of the polymer layer.9. Three-dimensional conﬁnement: theoretical
Theoretical calculations have been performed that
investigate the stability of the different structures at spe-
ciﬁc degrees of polymerization (i.e. molecular weight), vol-
ume fractions, size of the conﬁning surface, and conﬁning
surface afﬁnity for each of the blocks. MC simulations
[45,75] have been used to create predictions for the equi-
librium morphologies that symmetric diblock polymers
will exhibit at ratios of the sphere diameter to the lamellar
period varying from 1.5 to 4.5 and ranging from a neutral
conﬁnement condition to a very strong preference for
one of the blocks [75]; these combinations map out a 2D
phase diagram which contains many different morpholo-
gies (e.g. see Fig. 6b – unique morphologies arise under
slightly preferential surface conditions). Analysis of the
compositional order parameter as a function of radius indi-
cates that the blocks are strongly segregated. The lamellar
period also varies from than that in the bulk for the case of
strongly preferential surfaces; this effect is most intense
for the outermost lamella which are much thinner than
1=4 of the bulk repeat period at the highest degrees of con-
ﬁnement and approach this value as the conﬁning diame-
ter increases, with the intermediate lamellae having
thicknesses about half that of the bulk repeat period and
the innermost layer having a thickness which alternates
around half the bulk lamellar repeat period depending
upon diameter of the sphere. Additionally, in strongly pref-
erential surfaces, the root mean square end to end distance
is smaller than the bulk value for the block that is attracted
to the surface and larger for the other block; this effect de-
creases as the sphere diameter increases. DPD has also
been used to study the structure of lamellar-forming di-
blocks conﬁned to spheres in [83]. In this case, bicontinu-
ous structures of each domain are found for both neutral
and preferential surfaces. In the spheres investigated, the
radius of the conﬁning sphere varies between approxi-
mately 1.3 and 3 times the end to end distance of the
diblock.
The structures of cylinder-forming diblock polymers
conﬁned to spheres have also been investigated by SCFT
[76,84], and by DPD [83]. Early work in SCFT has predicted
structures which include concentric lamellae, bicontinuous
domains of the minority block which describe the edges of
a spherical tessellation of hexagons and pentagons, con-
nected cylinders which are aligned along spherical shells,
and spheres [84]. More thorough later work presented a
phase diagram containing a wealth of morphologies that
vary based upon the afﬁnity of the conﬁning surface for
the minority block (varying from neutral to strongly selec-
tive) and the relationship between the diameter of the
sphere and the bulk cylindrical repeat period (see Fig. 6c
[76]). These morphologies include bicontinuous structures,
isolated domains containing the minority block, and con-
nected cylinders. DPD work [83] resulted in bicontinuous
structures of the minority domain embedded in the major-
ity matrix for both neutral and non-neutral surfaces.
Finally, the effect of polydispersity on self-assembly
conﬁned within spheres has been studied in [85], where
blends of symmetric diblocks with different total molecular
Fig. 7. Example of a structure that can be fabricated using interference
lithography; originally published in [92]. This structure has excellent long
range order and presents a novel 3D periodic template with varying
surface curvature and conﬁning distances for the inﬁltration of block
polymers.





















Yweights and blends of diblocks with varying volume
fraction of the minority domain but having the same total
molecular weight were investigated using MC simulations.
The effect of introducing polydispersity in both cases while
maintaining the other boundary conditions is fairly lim-
ited; increasing the polydispersity in some cases changes
the identity of the block that is at the center of the sphere
for concentric lamellae.
The morphologies of diblock polymers which form
spherical shells around a solid sphere have also been stud-
ied using simulations. This has been accomplished by using
cell dynamics [74,86] and SCFT [87]. Cell dynamics results
for bulk lamellar-forming diblocks include concentric
lamellae for preferential surfaces and lamellae which are
perpendicular to the inner and outer surfaces for neutral
surfaces given a consistent shell thickness [86]. As the
thickness of the shell increases with symmetrically attract-
ing surfaces, one concentric lamellar layer evolves into one
perforated lamella and then into two concentric lamellae
[74]. Under asymmetric wetting conditions where one sur-
face is preferential and the other is neutral, a combination
of concentric and perpendicular lamellae is observed [74].
For cylinder-forming systems with a constant shell thick-
ness cylinders whose axes wind around within spherical
shells occur for preferential surfaces and cylinders that
are perpendicular to both surfaces occur when the block
polymer is conﬁned between neutral surface on the prefer-
ential surface [86]. As the shell thickness increases, the
parallel cylinders on the preferential surface begin to
connect in more places [74]. For an asymmetric wetting
condition in which one surface is slightly preferential
towards the minority block and the other is moderately
preferential for the majority block, the outer surface is
structure-determining because it has a larger surface area.
SCFT studies of lamellar and cylindrical diblockpolymers
conﬁned to spherical shells describe the effect of spherical
shell thickness on type and number of defects present in
these structures [87]. For lamellar systems, three defects
were observed: a spiral defect where the lamellae wrap
around each other in a spiral, a hedgehog defectwhere there
is a disc of one domain on both the top and the bottomof the
sphere and stacked lamellae through the rest of the sphere,
and the quasi-baseball defect where the lamellae wrap
around each other in a baseball stitch pattern (similar to de-
fects found for spherically conﬁned smectic liquid crystals
[25,26]). For cylindrical diblocks, pairs of 5- and 7-fold coor-
dinated cylinders are present.10. Novel boundary conditions: templates patterned by
interference lithography
The block polymer structures that have been discussed
thus far in this article have morphologies that result from
thermodynamics: block–block and block–wall repulsions
and attractions and commensuration effects with fairly
simple 1, 2 and 3D conﬁning geometries. Another route
to forming much more complex conﬁning geometries is
interference lithography. In this technique, reviewed in
[88] and described extensively in [89], multiple beams
interfere inside of a monomeric photoresist. Where theinterference between the beams is constructive, the in-
creased intensity initiates a cationic polymerization which
cross-links the negative tone photoresist; after develop-
ment, the unpolymerized parts can be washed away. This
technique has found applications in the construction of
materials with enhanced photonic [90], phononic [91],
and mechanical properties [92]. We suggest the use of
interference lithography to create 2D and especially 3D
porous structures with spatially varying geometric bound-
ary conditions (i.e. see Fig. 7). These sub micron-scale
structures combined with block polymers with sub hun-
dred-nanometer repeat periods allows for the possibility
of new morphologies to be formed as well as providing a
means to create complex hierarchical block polymer/pho-
toresist composites. It may be possible to make ordered
bicontinuous percolating structures, coaxial structures that
form with regular and repeatable angles and directions, or
other novel morphologies. Using multiple step processing,
conversion of the initial 3D photoresist into a carbon nano-
frame by pyrolysis, or by inﬁtration of the photoresist by
sol–gel and conversion to a ceramic etc. can provide non-
polymeric templates for block polymer inﬁltration. Impor-
tantly, the conﬁnement will vary locally in space but with
excellent long range order; this means that the polymer
microdomain structures formed can have macroscopic sin-
gle grain sizes and thus have the potential to be used for
many applications and make it easy to correlate the com-
posite structure with properties. The vast potential for
new structures to be made out of block polymers with dif-
ferent length scales of order has already been suggested
[93], but the combination of length scales of ordered tem-
plate boundary conditions and polymer architecture lies in
the near future.Acknowledgements
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